Cervical cancer is a disease of poverty and inequity. Although infection with high-risk types of human papillomavirus (HPV)-the causal agent of cervical cancer-is common worldwide, 
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Original research the risk of dying from cervical cancer is disproportionately borne by relatively young women in developing countries (1, 2). Peru's age-standardized rate of cervical cancer incidence is 34.5 per 100 000 women per year, compared to 17.7 in developing regions (1). In 2010, the United Nations estimated that more than 10 million women were older than age 15 and at risk for cervical cancer in Peru (3). Based on current rates of cervical cancer, and considering demographic changes without making assumptions about temporal changes in cancer risk, the number of expected new cases is expected to rise significantly (1, 2).
Currently available options to reduce the global burden of cervical cancer include primary prevention with preadolescent HPV 16 and 18 vaccination of girls and secondary prevention in women over age 30 with screening strategies that employ alternatives to cytology. Two HPV vaccines are highly effective in preventing infection with the most common oncogenic types of HPV (e.g., 16 and 18) , if administered to preadolescent girls (4, 5). Novel secondary prevention techniques for women not eligible for vaccination include the use of rapid HPV DNA testing or visual inspection with acetic acid; both will theoretically allow for same-day screening and treatment of cervical lesions (6) .
Previous model-based analyses specific to Peru have provided preliminary estimates of the expected cancer reduction with HPV 16 and 18 vaccination and new screening technologies (7) (8) (9) and identified strategies that would be considered cost-effective. Yet no cost-effectiveness studies to date have incorporated empirical data on the country-specific costs of vaccine delivery, achievable coverage, and proportion completing three doses.
In 2008, Peru became one of the first Latin American countries to pilot the introduction of the HPV vaccine through a school-based strategy to reach girls in grade 5 aged 9 years or older (10-13). The pilot (10) involved three regions (Ayacucho, Piura, and Ucayali) and was implemented by the National Expanded Program for Immunization (Estrategia Sanitaria Nacional de Inmunizaciones, ESNI) of the Ministry of Health (Ministerio de Salud, MINSA), with technical support from PATH (Seattle, Washington, USA), and evaluated by MINSA/ ESNI, PATH, and the Instituto de Investigación Nutricional (IIN; Lima, Peru).
IIN evaluated vaccine coverage, acceptability, and feasibility of the strategies implemented in the demonstration project, while MINSA/ESNI and PATH collaborated to estimate the associated costs (10, 12, 14) .
The empirical data derived from this demonstration project were used to inform a previously validated model of cervical cancer prevention strategies in Peru. Motivated to contribute to the information needed by decision-makers that inform immunization policy recommendations and vaccine adoption decisions in Peru, the authors used this model to assess benefits, cost-effectiveness, and financial cost requirements of new opportunities to prevent cervical cancer through an optimal combination of vaccination, screening, and treatment.
MATERIALS AND METHODS

Overview
Evidence (e.g., coverage, delivery costs) from an HPV vaccination demonstration project conducted in Peru was combined with epidemiological data in an empirically calibrated computerbased simulation model to assess screening (HPV DNA testing three to five times per lifetime) and HPV vaccination under different cost, coverage, and efficacy assumptions. The individual-based Monte Carlo simulation model represents the natural history of disease as a sequence of monthly transitions between mutually exclusive health states that distin guish HPV infection with type 16, type 18, other high-risk types, and other low-risk types; cervical intraepithelial neoplasia (CIN) grade 1 (CIN1) and CIN grades 2 and 3 (CIN2 and CIN3); and local, regional, and distant cervical cancer. Girls and women transition between health states according to transition probabilities (i.e., model input parameters) that depend on HPV type, age, history of previous HPV infection, type-specific natural immunity, previ ously treated CIN, and screening pattern. The methods used to calibrate the model to country-and/or region-specific epidemiological data are described in more detail elsewhere (8, (15) (16) (17) (18) (19) (20) (21) (22) . The authors of the current study compared HPV 16,18 vaccination policies targeting preadolescent girls, screening strategies targeting women over age 30 utilizing HPV DNA testing three or five times per lifetime, and combined vaccination and screening. The selected strategies (screening and treatment of 35-year-old women; vaccination of 11-year-old girls) were assumed to be applied concurrently.
Model outcomes included reduction in the lifetime risk of cancer, cancer cases averted, lives saved, average gains in life expectancy, short-term financial costs, and discounted long-term (lifetime) economic costs. Estimates were made of the cost-effectiveness (i.e., value for money) of adding HPV vaccination to Peru's screening program, as well as the required financial costs (e.g., affordability).
Strategies and assumptions
In the base-case analysis, the authors assessed the impact of combined preadolescent vaccination and status quo screening (current standard practice). Vaccination occurs on average at age 11, prior to sexual debut, and may be combined with screening. In the original scenario, it was assumed that 82.0% of the target population receives three doses on average, which provide full, lifelong, type-specific protection against HPV 16 and 18. Status quo screening in Peru was defined as annual cervical cytology (at 10.0% coverage of women 35-55 years old) requiring three visits for screening, diagnostics, and treatment.
In sensitivity analyses, vaccine efficacy and coverage were varied, and alternative assumptions regarding lifelong immunity were assessed. The base-case vaccine cost was ~US$ 7 per dose, varied in sensitivity analyses from ~US$ 5 to ~US$ 20 per dose. In an extended analysis, alternative screening strategies were considered, either alone or combined with preadolescent vaccination. These enhanced screening strategies target women 35-55 years old three or five times per lifetime (with screening at fiveyear intervals) using HPV DNA testing at various coverage levels. HPV DNA testing is performed in two visits (with initial screening in the first visit, and diagnostics and same-day treatment in the second visit), and those not eligible for same-day treatment are referred to a secondary facility for further diagnostic testing and, if necessary, treatment.
Data
Epidemiological data and screening test performance data are described as supplementary material. 6 Vaccine coverage was based on data reported locally through a Spanish-language technical report, which described achievement of over 80.0% coverage for all three doses among girls eligible for the HPV vaccine program (10, 23). Based on the countryspecific data, which showed vaccination coverage rates ranging from 79.3% to 85.6%, 82.0% coverage was assumed for the base case. A plausible range for sensitivity analysis was based on data provided by the HPV Vaccines: Evidence for Impact project conducted by PATH in collaboration with ministries of health and other partners to assess vaccine introduction in four countries (India, Peru, Uganda, and Vietnam) (24) . Based on coverage rates reported in the four countries, sensitivity analysis was conducted for coverage rates ranging from 61.0% to 98.0% (24) .
Data from the costing study embedded in the demonstration project (10, 12, 14) were used to inform cost parameters in the model. Methods and assumptions for the process used to identify, measure, and value costs are documented in the supplementary material. Briefly, the incremental costs of introducing the new vaccine into Peru included start-up costs (e.g., for micro-planning, sensitization, mobilization, and supervision) and recurrent costs of HPV implementation (e.g., for immunization supplies; vaccine supply chain logistic costs; mobilization for vaccination, such as transport to vaccination sites; and salaries and per diems for personnel). Depreciation of existing capital for cold chain equipment and vehicles, as well as personnel salaries, are included in these estimates to capture the opportunity cost of resources used for vaccine delivery.
Program costs included those associated with vaccine introduction and delivery, and were assessed within each of the following zones: urban, rural, and remote rural. Since cost data were collected from a sample of facilities across the three zones, a weighted average cost per dose was used to capture the share of the target population living in each zone (see Appendix). The average program cost per girl vaccinated with all three doses was US$ 7.61 (in 2005 US$).
Because the public sector price of the vaccine has been declining rapidly, a vaccine cost per dose ranging from ~US$ 5 to ~US$ 20 per dose was used to capture future possible prices (25) . For each dose, the project-based wastage rate of 2.0% for single-dose vials and freight costs based on World Health Organization (WHO) estimates of 6.0% of the vaccine price (26, 27) were applied.
The average unit costs for cervical cancer screening, diagnosis, treatment of precancerous lesions, and treatment of different states of cancer were estimated from primary and secondary data. Primary data were collected in 2007 from the National Institute of Cancer (Instituto Nacional de Enfermedades Neoplásicas, INEN); regional hospitals in Piura, Ayacucho, and Ucayali; and a convenience sample of facilities in each region where screening occurs only with cytology. This selection of facilities was illustrative of the range of public health care institutions and the expected quality of care and costs found in the public health system in Peru. Resource use for each stage of cancer was based on clinical protocols from national and regional hospitals, and interviews with hospital personnel. Project staff interviewed health care providers and hospital administrators to obtain information on staff time, salaries, clinical consumable supplies, laboratory supplies, clinical and laboratory equipment, and indirect costs involved in all cervical cancer screening, diagnosis, and treatment services. Supplementary budgetary data and expenditure records were used to provide information on salaries of nonclinical staff and indirect costs that comprise facility overhead costs.
Costs associated with screening, including direct medical costs (e.g., for staff, disposable supplies, equipment, and specimen transport) and program delivery costs, were estimated from the demonstration project. Estimates of women's time and transport costs were based on previously published data (7, (28) (29) (30) (31) (32) .
HPV vaccination and cervical cancer screening, diagnosis, treatment, and indirect costs were converted to local currency units, adjusted for inflation using country-specific inflation rates, and converted to 2005 US$ using exchange rates (28) .
Cost-effectiveness analysis
The performance of alternative strategies was measured using incremental cost-effectiveness ratios, defined as the additional cost of a specific strategy, divided by its additional benefit, compared with the next most costly strategy (cost [US$]/year of life saved [YLS] ). Recommendations from published guidelines for economic evaluations intended to inform resource allocation were followed in that a societal perspective was adopted and all costs and benefits were included regardless of to whom they accrued, patient time costs were incorporated, and future costs and life years were discounted by 3.0% annually (31, (33) (34) (35) . Although there is no consensus on a specific cost-effectiveness threshold, below which an intervention would be considered cost-effective, one suggested heuristic has been the country's per capita gross domestic product (GDP) (36) ; realistically the threshold ratio may need to be much lower for the intervention to be affordable. Strategies with costeffectiveness ratios lower than Peru's 2005 per capita GDP (US$ 2 852, in 2009 US$) (28) were considered cost-effective.
RESULTS
Projected clinical outcomes
Clinical outcomes are shown in Table 1 . Status quo screening (low coverage, 10.0%) reduced the lifetime risk of cancer by 11.9%, and averted roughly 1 000 cases of cancer per birth cohort. The base-case strategy of adding preadolescent vaccination at 82.0% coverage to status quo screening reduced cancer by more than 50.0% and averted nearly 5 500 cervical cancer cases. Over the course of one birth cohort, this strategy saved more than 80 000 life years-more than three times the number saved with status quo screening alone.
Results of the extended analysis indicated 82.0% vaccine coverage, adopting HPV DNA testing at 75% coverage, increased the cancer risk reduction by an additional 15.0% compared to vaccination combined with cytologic screening at 10% coverage ( Table 2) .
The impact of alternative coverage rates is shown in Figure 1 . When considering only the base case (combined status quo screening at 10.0% coverage with preadolescent vaccination), varying vaccination coverage from 61.0% to 98.0% resulted in a corresponding reduction in cervical cancer (34.4% to 55.1%), compared with status quo screening alone. Even at the lowest estimate of 61.0% coverage, mean cancer reduction with vaccination and status quo screening (34.4%) was still more than double the reduction achieved with status quo screening alone (11.9%; see Table 1 ). In the extended analysis, vaccination combined with HPV DNA screening reduced a greater amount of cancer than when combined with the current cytology screening program, with the exception of HPV DNA testing at 25.0% coverage three times in a lifetime, which provides a comparable benefit. Additional results are provided in the Appendix.
Cost-effectiveness analysis
In Peru, using the data collected for programmatic HPV vaccine costs, and assuming a cost per vaccinated girl of US$ 30.33 (per dose cost of ~US$ 7), the base-case analysis of adding preadolescent vaccination to the status quo screening program would be less than US$ 500 per YLS, compared to status quo screening (Table 3) . At a cost per vaccinated girl of US$ 23.84 (~US$ 5 per dose), the cost per YLS was less than US$ 300; at a cost per vaccinated girl of US$ 72.48 (~US$ 20 per dose), the cost per YLS was approximately US$ 1 300.
The cost-effectiveness ratios of adding enhanced screening of adult women to vaccination of preadolescent girls were higher, but these strategies provide greater benefits, and because the costeffectiveness ratios were lower than the 2005 per capita GDP in Peru (US$2 852), they were still considered cost-effective.
Sensitivity analyses
The base-case vaccination strategy assumed 100.0% efficacy over the lifetime of a vaccinated girl. If efficacy of the vaccine is as low as 70.0%, cancer reduction is projected to decline from 46.1% to 28.0% when combined with status quo screening in Peru. Enhanced screening is expected to attenuate the reduction in benefit associated with assumptions of lower vaccine efficacy. Similarly, the cost-effectiveness of vaccination strategies was sensitive to waning, with incremental cost-effectiveness ratios increasing (i.e., becoming less cost-effective) if the vaccine wanes within 10 years (Appendix Table A5 ).
Sensitivity analysis showed results were also sensitive to assumptions about cancer treatment costs and discounting rates of future benefits. Using a second source of cost data, described in the Appendix, which showed higher cancer treatment costs, cost-effectiveness ratios became more favorable; conversely, if treatment costs were reduced by 50.0%, cost-effectiveness ratios were only slightly higher than those found in the base case (Appendix Table A6 ). Because the future benefits of HPV vaccination occur so far into the future, the impact of discounting is substantial. Without discounting future benefits, vaccination combined with status quo screening was cost saving at low per-dose costs, and vaccination followed by enhanced screening had costeffectiveness ratios approximately 50.0% lower (more attractive) than those found in the base case (Appendix Table A3 ). Additional sensitivity analyses are presented in the Appendix.
DISCUSSION
Formative research has been conducted in Peru regarding the health systems and policy context that will affect HPV vaccine introduction (10-14). The pilot study documented high coverage rates exceeding 80.0% in all Peru project sites, and relatively low rates of loss to follow-up after one or two doses (i.e., high rates of completion of three doses). Vaccination of schoolgirls was considered feasible because it was integrated into the national immunization program without reducing coverage rates of routine child immunizations. To add to this formative research, model-based simulation was conducted to estimate cervical cancer cases prevented, reduction in cancer incidence, and future lives saved. The cost-effectiveness of preadolescent vaccination combined with enhanced screening in adult women using HPV DNA testing, and the financial costs associated with introducing the new preadolescent vaccine, were also estimated.
Using the coverage rates and program delivery costs documented in the Peru demonstration project, it was estimated that preadolescent HPV 16,18 vaccination would reduce the risk of cervical cancer by 50.0%. Vaccination of preadolescent girls followed by screening with HPV DNA testing five times per lifetime was projected to reduce the lifetime risk of cervical cancer by nearly 70.0%. Furthermore, these strategies were found to be cost-effective.
Cost-effectiveness analyses demonstrate that prevention measures such as cervical cancer screening are clearly justified in low-resource countries, yet implementation of such measures is often hindered by affordability and political prioritization (17, 37, 38) . Furthermore, health-related challenges in Peru (e.g., providing access to care in remote rural areas, and structuring services to reach women managing self-care along with household duties and employment) must also be addressed. Specific to cervical cancer screening, Peru faces difficulties associated with a multi-visit cytology-based program (e.g., health system infrastructure with treatment centers unevenly distributed throughout the country, high rates of loss to follow-up, etc.).
Preadolescent HPV vaccination combined with novel screening technologies provided to adult women could help to overcome the social, economic, and political disadvantages contributing to disparities in cervical cancer incidence and mortality; increase women's general access to care; and establish initial steps at a societal level to address structural barriers related to health systems and poverty (37). Successful pre-or young adolescent immunization, possibly school-based, could provide a platform for delivering other adolescent health services. An organized screening program using HPV DNA testing, targeting women over age 30, could serve the dual function of monitoring the prevalence of HPV 16 and 18, and performing simple and inexpensive treatment for detected precancerous lesions due to other HPV types detected at the time. Recommendations for screening programs include HPV DNA testing for primary screening due to its high test performance, suggesting that there is no rationale to introduce cytology in countries where high-quality cytologybased screening with high coverage of eligible women has not already been implemented (6, 39) .
In the past several years, Peru has significantly increased the national immunization budget (over 600.0% since 2006), clearly making vaccination against preventable diseases (e.g., rubella, rotavirus, hepatitis B, influenza) a national priority (40) . Evidence generated from the HPV vaccine demonstration project has been used to support Peru's most recent decision to introduce and scale up the HPV vaccine nationally for 300 000 10-year-old girls in 2011, and order 600 000 doses from the Pan American Health Organization (PAHO) Revolving Fund for less than US$ 20 per dose (41) .
While the specific investment for introducing the HPV vaccine in Peru is not known, the authors of the current study estimated that vaccinating 82.0% of 9-year-old girls in a one-year campaign (2011) at a cost per dose of ~US$ 20 would cost more than $ 13 million for vaccines alone. To effectively reach this coverage, the national immunization program would need additional resources to cover program costs, increasing the total cost per dose to US$ 24.16 per dose. At this total cost, the cost of a one-year campaign would be nearly US$ 16 million. Considering vaccination will most likely be implemented for multiple years (e.g., 2010-2019), the undiscounted cost to vaccinate 10 cohorts of 9-year-old girls would range from about US$ 50 million to about US$ 160 million (at ~US$ 5 to ~US$ 20 per dose) (Appendix).
Financial estimates of HPV vaccination do not include the costs of providing screening and treatment, or the : health and economic outcomes associated with HPV a 16 and 18 vaccination (82.0% coverage) productivity costs (e.g., impact on the household), which are difficult to monetize. Women are often the caregivers and conduit for health provision in the household, playing central roles as managers of food security, wage earners, and caretakers of children and grandchildren and those who are ill (42) (43) (44) . Improving the health of women thus contributes directly to the health of children as well as more broadly to poverty reduction. With the death or illness of a mother (and consequent loss of income and care), there is less money available for children's health care, education, and additional food, which may be reflected in increased health care costs for children, increased mortality risk, and decreased nutrition and schooling (37) . Valuing the life of a woman and the welfare of children who lose their mothers (as maternal mortality has a strong adverse impact on child health) would make vaccination even more cost-effective and possibly cost-saving.
Limitations
One limitation of the current study is the exclusion of productivity costs, which contributes to the interpretation of the results as preliminary and conservative. Future analyses should prioritize enumeration and inclusion of spillover effects to other members of the household and society. Additional limitations to this analysis include gaps in the evidence base regarding vaccination, such as the duration of protection and possible necessity for a booster; crossprotection against non-targeted types; efficacy among immunocompromised populations; possibility of a two-dose schedule; and magnitude of herd immunity. Furthermore, while this analysis benefits from country-specific cost estimates of vaccine delivery and screening, it did not incorporate the costs associated with improving screening quality and efficiency, or establishing surveillance efforts.
Conclusion
Using empirical data derived from a demonstration project to inform a model of cervical cancer in Peru, the current study assessed the benefits, cost-effectiveness, and financial cost requirements of vaccination, screening, and treatment. Motivated to contribute to the information needed by decision-makers to design immunization policy, the authors found that preadolescent HPV vaccination followed by enhanced HPV DNA screening in adult women could prevent two out of three cervical cancer deaths. Several strategies would be considered "good value" for resources invested, provided vaccine prices are low. While financial costs imply substantial immediate investments, the high-value payoff should motivate creative mechanisms for financing and scale-up of delivery programs. Peru's commitment to immunization programs for girls reflects policy makers' recognition that the investment goes beyond vaccinating a cohort of preadolescent girls. A preadolescent vaccination program will ultimately save women's lives, preserve the well-being of children and families, strengthen communities, and build health services capacity. It will also provide important information to neighboring countries developing strategies for reducing HPV infection.
Objetivo. Calcular los beneficios, la rentabilidad (relación costo-efectividad), y los costos financieros (asequibilidad) de añadir la vacunación contra el virus del papiloma humano (VPH) al programa de tamizaje del cáncer cervicouterino en el Perú. Métodos. Se combinaron los datos probatorios (por ejemplo, cobertura, costos de prestación) de un proyecto piloto de vacunación contra el VPH llevado a cabo en el Perú con datos epidemiológicos, en un modelo matemático calibrado empíricamente para evaluar el tamizaje (prueba de ADN del VPH tres a cinco veces durante toda la vida) y la vacunación contra el VPH, según diferentes supuestos de costo, cobertura y eficacia. Los resultados del modelo incluían la reducción del riesgo de cáncer durante toda la vida, los casos de cáncer evitados, las vidas salvadas, los incrementos de la esperanza media de vida, los costos financieros a corto plazo y los costos económicos a largo plazo actualizados. Resultados. Los bajos niveles de tamizaje actuales (cobertura del tamizaje citológico de 10,0 %) redujeron en 11,9 % el riesgo de cáncer cervicouterino durante toda la vida en comparación con la ausencia de tamizaje. La adición de la vacunación de las niñas preadolescentes con la cobertura alcanzada en el programa piloto (82,0 %) produjo una reducción adicional de 46,1 % y costaría menos de US$ 500 por cada año de vida salvado a US$ 7 la dosis, o de US$ 1 300 a US$ 20 la dosis. Se calculó que el costo de las vacunaciones de un año era aproximadamente de US$ 5 millones a unos US$ 5 la dosis o de aproximadamente US$ 16 millones a unos US$ 20 la dosis, incluidos los costos programáticos. La mejora del tamizaje en las mujeres adultas combinada con la vacunación de las preadolescentes mostraba cocientes de rentabilidad incremental inferiores al producto interno bruto per cápita del Perú en el año 2005 (PIB US$ 2 852, en dólares del 2009), y se consideraría rentable. Conclusiones. La vacunación de las preadolescentes contra el VPH, junto con la mejora del tamizaje mediante la prueba de ADN del VPH en las mujeres adultas, podría prevenir dos de cada tres muertes debidas a cáncer cervicouterino. Varias estrategias se considerarían rentables en relación con los recursos invertidos, a condición de que el precio de la vacuna sea bajo. Aunque los costos financieros implican inversiones inmediatas sustanciales, el valor elevado de los beneficios debe motivar la elaboración de mecanismos creativos para financiar y extender los programas de prestación de servicios.
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